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1. Introduction

At the present time the USGS seismic telemetry network in central 

California consists of more than 250 short-period seismic stations. 

Instrumentation for the network has been developed and modified since 

installation of the first telemetry stations in late 1966. In the last 

several years the main amplitude response characteristics of the 

instrumentation for these stations have undergone relatively few changes. 

Changes do continue, however, and the exact components used may never be 

completely uniform. Several reports exist that describe various methods 

to calculate the amplitude response either of the complete short-period 

telemetry system, from seismometer to recording medium, or of individual 

components of the system (Eaton, 1975, 1977; Dratler, 1980; Bakun and 

Dratler, 1976; Healy and O'Neill, 1977). With the exception of Eaton. 

(1975, 1977), each author works with only a specific configuration of the 

short-period system, and the results are not simply and directly 

applicable to the various configurations (and output media) that 

currently are in use.

The purpose of this report is to describe and illustrate a fairly 

simple and direct method of calculating the amplitude response for the 

various components that make up a short-period seismic telemetry system. 

The method is described in Healy and O'Neill (1977). In this report we 

seek to clarify some aspects of their presentation, to introduce a simple 

computer program for routine calculation of amplitude-response curves, 

and to show how the effects of additional system components may be 

included.



The report by Dratler (1980) is the open-file version of an 

unpublished report that he completed in 1975 before he left the U.S. 

Geological Survey. The 1980 version was revised by Jay Dratler with help 

from Mary O'Neill, Sam Stewart, and Bill Daul. These revisions did not 

change any conclusions from the 1975 report. Herein we refer only to 

Dratler (1980), though it is the 1975 version that we used in preparing 

this report. This should explain an apparent inconsistency whenever a 

reference to Dratler (1980) seems chronologically out of place.



1.1. System Overview

Figure 1 (modified from Eaton. 1977) shows the major components of 

the seismic telemetry recording and playback systems and gives the 

standard operating parameters that combine to fix the absolute amplitude 

response. In a discussion of the response characteristics it is useful 

to divide this complete system into four major components: (1) the 

seismometer and L-pad, (2) the seismic amplifier and voltage- 

controlled oscillator (VCO), (3) the discriminator at the central 

recording site, and (4) the recording and display media.

Figure 2 shows the stylized frequency response for each of these 

major components, as well as combinations of some of them. If the 

ordinate ("Relative Response") is plotted in logarithmic units, then the 

relative response of a combination of system components is simply the sum 

of the relative responses of the individual curves. The "absolute 

response" must take into account the standard operating parameters 

summarized in Figure 1.

Essentially, this synthesis is what we do in this paper. The 

"relative response" curves for the major system components are determined 

in detail   some by theoretical derivation, some by laboratory 

calibration. The individual relative response curves are then 

represented by analytical mathematical elements and the individual 

elements are multiplied together to give a relative response curve for 

the entire system. "Absolute response" is then determined by simple 

multiplication of the appropriate standard operating parameters.



1.2. Representation by Poles

The frequency response of most seismic systems (and their individual 

components) can be represented by an expression of the form 

F(o>) = *

where U>is frequency in radians per second, </£ are complex constants that 

are the poles of the function, C± are real constants associated with 

each pole, JL and n are integers, and 'A* is an amplification constant 

(Healy and O'Neill. 1977). 'A* itself may be the product of amplitude 

factors of individual components, e.g., for a complete system, those of 

the seismometer, the amplifier /VCO, the discriminator, and the recording 

device.

Because the physical system represented by F(CP) is real and causal, 

all of the poles lie in the upper half of the complex plane and either 

fall on the imaginary axis or occur as matched pairs, mirror images 

through the imaginary axis. The amplitude spectrum is the absolute value 

of F(fr>), whereas the phase spectrum $(t*>) is the arctangent of the 

imaginary part of F(t*>) divided by the real part of F(o>), i.e.,

:' £
(2)

For an electromagnetic seismographic system F(u>) is composed of the 

amplification constant 'A* times factors having the complex forms shown 

in Table 1. The seismometer response is represented by the last of these 

five complex expressions (see section 2.1), and the amplifier/VCO,
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the discriminator, and the recording device by combinations of the first 

four complex expressions (see sections 2.2 to 2.M). The shapes of the 

amplitude response curves for these five complex expressions (i.e. the 

amplitude response functions) are shown in Figures 3 through 6.

2. Amplitude-frequency Response of Individual Components

The response characteristics of each of the four main system 

components will be summarized in this section. The spectral response 

function that governs the shape of the response curve, and the amplitude 

factor that determines quantitatively the gain or amplification of each 

component will be given. These data are summarized in Table 2, and this 

table should be referred to frequently by the reader.

2. 1. Seismometer and L-pad

The theoretical response of the seismometer can be derived from 

well-known principles. Healy and O'Neill (1977) use the Fourier 

transform method to find a solution to the equation of motion of the 

seismometer in the frequency domain. The complex response spectrum for 

the seismometer is

or equivalently

CM)



where f, = Fourier transform of the output voltage produced by a delta 

function of ground displacement into the combined 

seismometer and L-pad

&L£= effective seismometer motor constant (volts/cm/sec) 

Cdo = natural frequency of seismometer (radians/second) 

CO = ground motion frequency (radians/second) 

P = seismometer damping constant, relative to critical damping 

01 j > 0t|< = paired poles of the response function such that

The modulus of the complex expression in equation (3) gives the 

amplitude response function for the seismometer:

This function (with G Lg omitted) is shown in Figure 6. Note that below 

the free period (f 0 = 1 Hz) the amplitude falls off to the third power of 

frequency (f~*). Also note from equation (4) that the seismometer 

response is represented by two poles, at complex frequencies «lt and cCk . 

In Table 2, the low-frequency fall-off for the seismometer is given as LN 

= 3, and the total number of poles in the representation of the 

seismometer response is given as LTYPE = 2. These particular 

designations are used because they are of the form required for input to 

the computer program RESPONSE. This program, which is explained in a
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later section, computes the frequency response functions for systems (or 

components) that can be described by a given set of poles. It should 

also be noted that in equation (1), Yl is equivalent to LTYPE, and J[ is 

equivalent to LN.

The L-pad is a simple resistive network (Figure 1) whose main 

function is to couple the seismometer to the amplifier in such a way that 

the amplifier "sees" a seismometer with a known (and standard) damping 

constant (/S), effective motor constant (G ̂  ), and natural frequency 

(ff). These standard values ( (3=0.0; &Lg* 1-0 */£**/ $rc) j |0«IM£ are 

listed in Table 2. The resistances T and S associated with the L-pad 

(Figure 1) are chosen separately for each seismometer so that GLE will 

be the standard 1.0 V/(cm/sec) (Eaton, 1975). Healy and O'Neill (1977) 

give the following relationship between the parameters of the seismometer 

and L-pad:

fi
(S+R*HTtR) + *R' 5

where

G, = seismometer motor constant as determined by

laboratory experiment (volts/ (cm/sec)) 

S = T-pad shunt resistance (ohms) 

T = T-pad arm resistance (ohms) 

R = seismometer coil resistance (ohms) 

RR= amplifier input impedance, fixed at 10,000 ohms.



2.2. Amplifier/VCO

The second major component of the seismic telemetry system is 

referred to collectively as the "field package". It contains several 

sub-units, including the L-pad (discussed in section 2.1), seismic 

amplifier with variable attenuation, voltage-controlled oscillator (VCO), 

automatic daily system calibration unit, frequency stabilizer, interface 

to the telemetry transmission circuit, summing amplifiers, VHP radio 

links (as needed), and power supplies. Only the L-pad, amplifier, and 

VCO sub-units have an effect on the frequency response characteristics.

Field packages have evolved through model numbers J302, J302M, and 

J402. Because there is no significant difference in the amplitude and 

frequency response characteristics of these packages, we will refer to 

them all as the J402 (Van Schaack, oral comm., 1979).

We determined the frequency response characteristic of the JU02 

amplifier unit by calibration in the laboratory, whereas Dratler (1980) 

determined it by circuit analysis techniques. Dratler f s analysis 

represents the frequency response by simple poles   two single poles (at 

0.085 and 0.096 Hz) with a high-pass filter response, two single poles 

(at 48.4 and 49.8 Hz) with a low-pass filter response, and a zero at 

about 6,200 Hz with a low-pass filter response. Dratler (1980, p. 17) 

states "Since this frequency is well above the region of seis- 

mological interest, ... the zero ... may be ignored for most practical 

purposes." Table 2 lists the four simple poles determined by Dratler, 

but not the zero. The zero is not considered again in this report.



In August and September 1979, J. Van Schaack and S. Stewart 

calibrated three of the J402 units and two of the J302M units in the 

laboratory. The amplitude response characteristics for all five units, 

normalized to a peak value of 1.0, are shown as solid lines in Figure 7. 

For the frequency range 0.5 to 10.0 Hz the normalized response curves are 

nearly identical. Even from 10 to 100 Hz the normalized curves are very 

similar. In the low-frequency range, from 0.05 to 0.5 Hz, the observed 

response curves tend to diverge somewhat, but in the worst case are 

within 20 percent of each other. These lower frequencies are not of 

interest in most of the studies for which the instrumentation is intended,

By a process of visually fitting these observed curves to the 

theoretical response curves (described in Healy and O'Neill, 1977),we 

were able to estimate the locations of the poles (f^ ) and the 

coefficients of damping (0). For the J402 seismic amplifier our 

curve-matching technique resulted in a double pole at 0.095 Hz with a 

high-pass filter response, and a double pole at 44.0 Hz with a low-pass 

filter response. In each case the parameter ($ was found to be 1.0. 

These results are summarized in Table 2 and Figure 7.

We used the program RESPONSE to calculate the amplitude-frequency 

relation from Dratler's poles, and from our poles, and then compared 

these calculated response curves to those observed in the laboratory. 

The results are shown as dashed lines in Figure 7. Considering that 

Dratler's poles were obtained by theoretical analysis, in which it is 

assumed that the resistive and capacitive components behave according to
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their design specifications, his fit to our observed response curves is 

quite good. Our fit is somewhat better, particularly at frequencies 

above 10 Hz. We assume this is because we obtained our poles directly 

from the same curves that we are now trying to match.

The J402 has two stages of fixed amplification, with a variable 

step-attenuator between the two. The first stage has a gain of 49.5 dB; 

the second stage has a gain of 42 dB (R. Jensen, written comm., 1979). 

Maximum gain therefore is 91.5 dB. Variation from these figures may be 

a few tenths of a dB. (A variation of 0.2 dB is approximately 2 

percent). The step attenuator allows signal attenuation from 0 dB to a 

nominal 48 dB in steps of 6 dB.

The attenuation setting of 6 dB on the field package corresponds to a 

real attenuation of 6.7 dB below the 0 dB setting (Van Schaack, oral 

comm., 1979). The 12 dB setting is about 6.4 dB below the 6 dB setting, 

introducing a real attenuation of 13.1 dB below the 0 dB level (see Table 

4). Differences in the remaining attenuation steps are very close to the 

nominal 6 dB interval (Van Schaack, oral comm., 1979). The gain of the 

J402 therefore is variable from 91.5 dB to 42.4 dB (91.5 - (48 + 1.1)). 

The equivalent voltage amplification is about 37,600 to 130, respectively.

Attenuation settings of 6 dB and 12 dB are commonly used in the 

Central California Microearthquake Network, so it is important to allow 

for the increased attenuation at these settings. The difference between 

12 dB and 13.1 dB is about 14 percent.

Defining "attn" as the actual dB setting marked on the J402 field 

package, the voltage amplification is summarized in Table 3. The 

complete range of gain and amplitude ratios for the J402 is listed in 

Table 4, under the columns identified by "JVS". The standard "low-gain" 

station has the step attenuator set at 42 dB.
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Dratler (1980) carried out a detailed circuit analysis of the J302 

amplifier/attenuator to determine absolute gain at the various dB 

settings as well as the positions of the poles and zeros relevant to the 

frequency-response characteristics. His results for the gain of the J302 

circuit are summarized in Table 4, under the columns identified by "JD". 

He determines the J302 gain as an amplitude ratio, which he then converts 

to the equivalent gain in dB to three significant figures (Dratler, 1980, 

Table 3.2). We recalculated his dB gain representation to four 

significant figures so that the numbers given by Dratler for gain as an 

amplitude ratio would be numerically more consistent with those for gain 

in dB. The right-hand column of Table 4 shows the ratio of the different 

values for gain listed under "JVS" and under 

"JD." The differences are 9 percent or less, with an average difference 

of 6 percent.

In addition to the gain and frequency response characteristics of the 

J402, the setting of the VCO sensitivity is a factor determining total 

gain for the entire telemetry system. That is, over how many Hertz will 

the VCO frequency change due to an input of + 1 volt? At the present 

time the deviation adjustment of the VCO is set such that +2.7 VDC input 

to the VCO produces an output deviation of + 100 Hz (Healy and O'Neill. 

1977, p. 2-12; W. Hall, oral comm., 1979). For the maximum nominal 

deviation allowed of + 125 Hz, this corresponds to + 3.375 V or 37.04 

Hz/V. These latter numbers are given in Table 2.
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2.3. Discriminators

The third major component of the short-period telemetry system is the 

discriminator at the central recording site. Its main purpose is to 

demodulate the signal produced by the VCO, in order to reproduce the 

analog seismic signal that caused the VCO modulation in the first place.

Several brands and models of discriminators have been used with the 

seismic telemetry network. At the present time the J101A, J101B, and 

Develco model 6203 discriminators are used with the network stations that 

are recorded in real time. These include the Develocorder and Helicorder 

units and the real-time earthquake detection system. In addition, the 

Develco, J101B, and Tri-Com discriminators are used for magnetic tape 

playback and oscillographic recording and for off-line analog-to-digital 

conversion.

Normalized frequency response curves for the discriminators currently 

in use are shown in Figure 8. These were determined by J. Van Schaack and 

S. Stewart in August, 1979, by calibration in the laboratory. It is 

apparent that the frequency response diverges significantly at 

frequencies of 10 Hz and greater. Indeed, it turns out that the 

variability among the different kinds of discriminators is the most 

influential factor in determining the shape of the frequency response 

curves for the entire system. The J101A discriminator is an earlier 

version with the low-pass -3 dB point at about 20 Hz, and the J101B is a 

later version with the -3 dB point at about 40 Hz. The J101B is the 

accepted version at this time, and efforts are being made to modify all 

remaining J101A's to J101B's (Van Schaack, oral comm., 1979).
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Poles were determined (by the curve-fitting method mentioned earlier) 

from the normalized response curves measured for the J101A, J101B, and 

Develco discriminators, and the program RESPONSE was used to calculate 

the frequency response for these discriminators. Comparisons between the 

observed and calculated normalized amplitude response curves for these 

discriminators are shown in Figures 9, 10, and 11, respectively. The 

observed and calculated curves for the J101A and J101B discriminators are 

so close that they are indistinguishable in Figures 9 and 10. This is 

not quite the case for the Develco discriminator (Figure 11)^but we 

regard the fit as acceptable.

Pole positions for the Tri-Com discriminate^ as obtained from the 

manufacturer,are given in Dratler (1980, p. 25, Eq. 4.3). Recently these 

were again verified by the manufacturer (Van Schaack, oral comm., 1979). 

These pole positions are in complex form, and are scaled to a cut-off 

frequency (fc ) of 1 Hz. The Tri-Com discriminators discussed in this 

report have a cut-off frequency of 30 Hz (time compressions of 4x and I6x 

will increase fc accordingly). Dratler (1980, p. 37) gives the complex 

pole positions for f t = 30 Hz. In Appendix A we summarize how to 

convert these pole positions into a form that is consistent with the 

representation by Healy and Q'Neill (1977), and how to convert this 

representation to the parameters f0 and (3 used in program RESPONSE.

These poles were tried in program RESPONSE, and the fit between observed
curves 

and calculated/was so close (in Figure 12 the differences are

indistinguishable) that we adopted these poles and did not estimate our 

own. In Table 2 the pole positions (expressed by f 0 and^) for the four 

types of discriminators currently in use are summarized.



Just as in the case of the VCO, the setting of the discriminator 

sensitivity is a factor that contributes to the total gain for the 

complete telemetry system. That is, how many Hertz of frequency 

deviation on input to the discriminator are required to produce a given 

analog voltage at its output? Presently, the deviation adjustment of all 

discriminators is set such that a deviation of + 125 Hz around the center 

frequency of the discriminator produces an output of ± 2 VDC. This 

corresponds to a sensitivity of 62.50 Hz/V or 0.0160 V/Hz. These figures 

are given in Table 2.

It is important to note that the sensitivity of the discriminator is 

less than the sensitivity of the VCO. This results in a net reduction in 

the amplitude of the analog seismic signal between the input to the VCO 

and the output from the discriminator. The amount of reduction is (37.04 

Hz/V)/(62.50Hz/V) or 0.593. This factor is not shown explicitly in Table 

2.

2.4. Record/Reproduce Equipment

The fourth major component of the seismic telemetry system is the 

recording and reproducing equipment. Four devices are involved in online 

recording of the telemetered seismic signals (Figure 1): (1) analog tape 

recorders, (2) Develocorders, (3) Helicorders, and (U) an online 

computer. In addition t three devices are used routinely for playback from 

the analog magnetic tapes: (1) analog tape reproduce equipment, (2) a 

multi-channel oscillographic recorder (Oscillomink) with optional low- 

pass filtering, and (3) an analog-to-digital converter system the front 

end of the moderately powerful Eclipse mini-computer system. There is 

also a computer-controlled tape dubbing procedure in which earthquakes
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from the tapes recorded online are dubbed onto master library tapes. 

Each of these devices will be discussed next, but only to the extent that 

their frequency-response characteristics are relevant to this report. 

2.4.1. Tape Record/Reproduce/Dubbing Systems.

Presently there are four Bell and Howell Model 3700B tape units that 

record the multiplexed FM signals from the telephone lines. Because each 

tape recorder has 14 tracks on its 1-inch wide tape, and each track can 

record up to 8 seismic signals in the standard multiplexed format, then 

each analog tape can record data from as many as 112 seismometers. Other 

Bell and Howell Model 3700B tape units are used for tape playback and 

tape dubbing purposes.

The multiplexed FM signal from the telephone line is recorded and 

reproduced in Direct Mode. In the dubbing procedure the signals from 

each tape track are reproduced and re-recorded in Direct Mode. Because 

it is the FM tone bundle on each tape track that contains the seismic 

information, amplitude variations in the Direct Record signal (and 

therefore in the FM tone bundle) will not have an effect upon the 

discriminated analog seismic signal. This assumes, of course, that the 

complete seismic telemetry system, from the seismometer in the field to 

the tape record/reproduce system, is well adjusted. 

2.U.2. Develocorder System

The Develocorder is a multi-channel galvanometric recording device 

that can record up to 18 seismic signals and 3 channels of time code on 

16-mm photographic film. In order to minimize the problem of crossed 

traces due to low-frequency microseismic noise and electronically induced 

low-frequency drift, a high-pass R-C filter precedes the input to each 

channel of the Develocorder.
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The response of the Develocorder (and its associated high-pass input 

filter) was determined in the laboratory by J. Kempt and S. Stewart in 

June, 1979. One channel of a Develocorder unit was calibrated. The 

normalized frequency response curve is shown as the solid line in Figure 

13- Poles were found empirically by the curve matching process referred 

to earlier. The galvanometers used in the Develocorders have a natural

frequency of 15.5 Hz (W. Hall, oral comm., 1979). We tried poles at
of poles

15.0, 15.5, and 16.0 Hz, and it was apparent that the pair/at 15.5 Hz 

gave the best fit to the observed data at frequencies above 7 to 8 Hz. 

The fit at low frequencies was more difficult to obtain and was never 

entirely satisfactory. Overall, the fit of the calculated response to 

the observed response (Figure 13) is acceptable.

The absolute gain of the Develocorder is set such that, at a 

frequency of 5 Hz, an input signal of 1 volt (peak) causes a galvanometer 

deflection of 2 cm (peak) on the Develocorder screen (W. Hall, oral 

comm., 1979). A film viewer is used to display and read the 16-mm films 

after they have been removed from the Develocorder. The film viewer has 

a magnification exactly twice that of the screen on the Develocorder. 

Thus the 2 cm/V calibration of the Develocorder is seen as a M cm/V 

calibration on the film viewer. Frequency and amplitude response factors 

for the Develocorder and film viewer are summarized in Table 2. 

2.M.3. Helicorder System

The Helicorder is a low-speed helical translation drum recording 

system that records 1 or 2 analog seismic signals in the standard 

"observatory"-type format. Drum speeds of 0.5 and 1 mm/sec are used. A 

hot stylus pen records on special plastic-coated paper. High-pass
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filters precede the input to this system, to reduce the problem of 

drifting traces as the drum revolves. Unlike the Develocorder, the 

Helicorder electronics has a variable gain seismic amplifier on input, 

adjustable in 6 dB steps. The setting of this amplifier must be known in 

order to calculate the absolute system magnification.

The response of the Helicorder (including the high-pass input filter) 

was determined by J. Van Schaack in December, 1979. Two units were 

selected for calibration. The normalized frequency response for each 

unit (no. 5 and no. 6) is shown by solid lines in Figure 14. The 

differences in the observed responses may be due, at least in part, to 

differences in the frictional contact between the stylus and the paper, 

and differences in stylus construction. Poles for the observed response 

curves were found empirically by the curve matching procedure referred to 

earlier. Unit no. 6 was selected for curve matching because its behavior 

suggested less problems with frictional resistance of the stylus against 

the paper, particularly at the higher frequencies (Van Schaack, oral 

comm., 1979).

The pole positions found are summarized in Table 2. Several trial 

pole positions were necessary in order to achieve a reasonable match, 

particularly at the low-frequency end. We regard the match between the 

observed response (for unit no. 6) and the calculated response as 

acceptable.

At the present time the Helicorder amplifier unit is not adjusted to 

any particular gain that allows one to calculate its absolute 

magnification. As a part of the discussion during the calibration of 

Helicorders nos. 5 and 6, a calibration standard was established
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(J. Eaton and J. Van Schaack, oral comm., 1979), as follows. The maximum 

gain of the seismic amplifier used on each Helicorder is about 18 dB 

higher than a nominal gain that might typically be used. The position of 

the 6 dB step attenuator when turned down 3 steps from this maximum gain 

position (to an 18 dB attenuation) will arbitrarily be defined as 0 dB 

gain setting for the Helicorder. At this setting the gain will be fine 

tuned such that a 1 Hz input signal to the amplifier, at 1 volt peak- 

to-peak, gives a stylus deflection of M cm peak-to-peak. This is the 

amplitude factor shown in Figure 1 and Table 2. Note that this 

sensitivity (M cm/V) is the same as that for the Develocorder film viewer 

screen and for the high-level gain option on the Oscillomink. Thus a 

Helicorder attenuation recorded as 0 dB has the same "amplification 

factor" as those aforementioned media. A Helicorder attenuation of 6 dB 

reduces its magnification by one-half,

and an attenuation of -6 dB doubles its

magnification. The reader should verify the actual method of setting 

Helicorder amplitude gain before doing any quantitative work with the 

records. 

2.M.M. Siemens Oscillographic Recorder/Playback System

The frequency response of the Siemens oscillograph is flat from DC to 

well over 200 Hz, perhaps to MOO Hz (Figure 2E). At frequencies less 

than 200 Hz, and probably even higher, we consider its relative response 

to be unity. Its absolute gain has been adjusted so that there are two 

standard levels available for playback   a high-level sensitivity of M 

cm/V and a low-level sensitivity of 1 cm/V. These values are given in 

Figure 1 and Table 2.
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Depending upon the application, the telemetry tapes and dubbed tapes 

may be played out at time compression ratios of 1x, 4x; or I6x. Playback 

at 1x typically writes to the Siemens oscillograph and uses the Develco 

discriminators. Playback at Ux typically uses the Tri-Com Ux 

discriminators and writes to the Siemens oscillograph. Playback at I6x 

uses the Tri-Com I6x discriminators and the analog signal goes into the 

Eclipse digitizing system; there is no oscillographic recording.

A multi-channel low-pass active filter bank is available as an 

option for conditioning the output from the playback discriminators. 

Each filter has 10 step-selectable low-pass cut-off points within a 

decade range, and decade multipliers of 1x, 10x, lOOx^and 1000x. The 

low-pass cut-off points are listed in Table 2 and Figure 15. Figure 15 

also shows the response curve for these filters. In this figure, the 

ordinate (amplitude) is normalized so that the low frequency response has 

a maximum value of unity. The abscissa (frequency) is also normalized so 

that the beginning of the roll-off of 12 dB/octave occurs at 1 Hz. With 

this convention for normalizing, the poles of the filter were determined 

by the curve matching technique and are shown in Table 2 and in this 

figure. The true frequency response for a particular filter setting 

within a decade range, and for a particular factor of 10 multiplier, can 

be determined by rescaling and using these values for the poles, or by 

rescaling Figure 15 itself. For example, one of the filter settings is 

6.3. To calculate the response of a 63-Hz high-pass filter, one would 

take as pole parameters fo =63, and ft = 0.5. In choosing a particular 

filter frequency and including its effect in the calculation of system 

frequency response, the time compression factor of the analog tape
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playback system must also be accounted for. An example is given in

section 3.2.

2.4.5. Analog-to-Digital Converters

A number of analog-to-digital converter units (adc) have been used 

with the discriminated analog seismic signals, and others are 

contempleted. In this report we have information on only three of them. 

Two of these adc units are no longer operating (the CDC-1700 online and 

offline computers).

Only one adc unit (part of the DGC Eclipse computer) is available for 

offline digitizing either from the telemetry tapes or the dubbed tapes. 

Relevant characteristics of these will be summarized below. In addition, 

an online earthquake detection and timing system, using its own adc 

equipment, has recently begun operating (R. Alien, oral comm., 1979), and 

adc units for the DEC 11/34 and 11/70 computers are installed but are not 

operating routinely. These will not be discussed in this report.

Because the frequency response of these adc units should be flat from 

DC to the Nyquist frequency, there should be no relevant poles associated 

with them. The amplitude factor, however, is a function of the maximum 

number of bits (B) used in the adc unit, and the maximum input (R, in 

volts) acceptable to the adc unit before it clips the signal. The 

amplitude conversion factor (F) may be written as

(8)

At the present time the Eclipse digitizing system is operational. 

This system uses the Tri-Com I6x discriminators and a 10-bit 

analog-to-digital converter (B = 10) with a maximum input range of + 2.5
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volts peak (R = 5). Its amplitude factor (F) is + 2.5 volts for + 511 

counts, or 204.4 counts/volt. This is shown in Figure 1 and Table 2.

Although the CDC-1700 digitizing system is obsolete, there may be 

some digital data from it that will need the following informa­ 

tion. The maximum input to the CDC system, before signal clipping 

occurs, was + 2.5 volts peak, (i.e., R = 5). The analog-to-digital 

converter had 14 bits resolution, initially (B = 14). All 14 bits were 

used in the on-line earthquake location system. Its amplitude factor (F) 

therefore is determined as follows: ±2.5 volts corresponds to + 8191 

counts, or 3276 counts/volt.

For offline digitizing on the CDC-1700 , only the 12 most significant 

bits (B = 12) were written to the 7-track digital magnetic tape. In this 

case the amplitude factor (F) is determined as follows: ±2.5 volts 

corresponds to ± 2047 counts, or 818.8 counts/volt. These amplitude 

factors are given in Table 2. It should also be noted that Develco 

discriminators were used to reproduce the signals from the telemetry 

magnetic tapes or dubbed tapes for CDC-1700 digitizing operations.
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3. Determining the System Response

3.1. Method of Calculating System Response

The filter program RESPONSE computes the amplitude and phase spectra

either of a complete seismic system or of components of a system. The 

parameters for the spectral elements that describe the frequency re­ 

sponse of each component (Table 2) are the basic input to the program. 

For each component, these parameters are: the total number of poles 

(LTYPE), the power of the low-frequency fall-off (LN), the pole frequency 

in Hertz (f0)> and for elements with double poles the damping constant 

(£). Another input parameter to RESPONSE is the over-all amplitude 

factor (AMP) for the response function, which is the product of the 

amplitude factors for the appropriate individual components (Table 2). 

The program RESPONSE computes values of the spectral elements within 

frequency decades specified by the user, multiplies them together, and 

multiplies this product by the over-all amplitude factor (AMP). From 

these complex numbers it determines the amplitude and phase spectra 

(section 1.2).

Appendix B lists the program RESPONSE and shows the input and 

output for one example.

3.2. Results

Figures 16 through 21 are plots of frequency response curves for some 

commonly used combinations of equipment. Some features of these response 

curves will be discussed in this section.
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In the past it has been common practice in the laboratory to 

determine the relative response of the amplifier/VCO/discriminator 

combined together as a single unit. Figure 16 shows the observed 

relative response for three such combined systems. These curves (the 

solid lines) were determined in 1976 and 1978. The dashed line 

represents the response calculated by using the program RESPONSE to 

combine the data in Table 2 for the J402 amplifier/VCO response as 

determined by laboratory calibration with that for the Develco 

discriminator. We regard the agreement between the observed and 

calculated curves as quite acceptable. Figure 16 also illustrates the 

versatility of program RESPONSE in that it can calculate the response of 

parts of the system as well as that of the complete telemetry system.

Figures 17 through 21 show the amplitude response spectra for the 

complete seismic telemetry system where the output media are most of 

those listed in Table 2. In all cases the field amplifier is set at 12 

dB attenuation and the appropriate discriminators have been selected. 

Magnification for the Siemens oscillograph and the Develocorder and 

Helicorder systems is dimensionless (i.e. meters per meter), whereas that 

for the input to the Eclipse digitizing system (Figure 20) is in volts 

per meter. The frequency at which the peak magnification occurs varies 

significantly for the output media. It ranges from 4.8 Hz for the 

Helicorder system to 26 Hz for the input to the 

Eclipse digitizing system.

The effect of the low-pass filters used optionally with the Siemens 

oscillograph for playbacks, and the method of allowing for a time 

compression factor in computing system response when these filters are
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used, are both illustrated in Figure 18. In this example the Tri-Com 4x 

discriminator was used, and the low-pass filter was set at 6.3 and 10x. 

This means that the playback was filtered with a 63-Hz low-pass filter. 

Because of the 4x time compression factor, the effect on the seismic 

signal as seen on the playback is a low-pass filter with a setting of 

(63A) 15.75 Hz. Thus in program RESPONSE the filter characteristic 

would be designated by setting ?c to 15.75 and & to 0.5. Figure 18 also 

shows a small "bump" in the system response when this filter is added. 

Over a limited frequency range the system magnification becomes slightly 

greater with the filter than without it. The response of the filter 

alone (Figure 15) shows why this is so. The "bump" in the filter 

response rises to about 15 percent greater amplitude than the relative 

response at lower frequencies, reflecting the noticeably underdamped 

nature of the filters.

Although not illustrated here, we have used program RESPONSE and the 

data in Tables 2 and M to reproduce system response curves found in 

Bakun and Dratler (1976, Figure 7.12) and Dratler (1980, Figure 5.1,p. 

44). The agreement is good. 

M. Summary

To calculate the frequency response of a USGS short-period seismic 

telemetry system it is convenient to divide the instrumentation into four 

main components and consider individually the amplitude factor and 

frequency characteristics of each component. The four main components 

consist of two at the field site   the seismometer and L-pad, and the 

seismic amplifier and voltage-controlled-oscillator (VCO), and two at the 

central recording site   the discriminator, and the recording and 

display device.
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The frequency response of the complete seismic system, or its 

individual components, may be represented by an expression of the form

Ci-C*) -A

where £J is frequency in radians per second,^ are complex constants that 

are the poles of the function, C^ are real constants associated with 

each pole, I and n are integers, and 'A 1 is an amplitude constant. 'A 1 

itself may be a product of amplitude factors of individual components.

Figure 1 illustrates the main components of a USGS short-period 

seismic telemetry system and gives the standard amplitude or sensitivity 

factors currently in use. These factors determine the magnitude of the 

system response and are represented by the factor 'A 1 in equation (9). 

The shape of the response curve is determined by the remaining factors in 

equation (9), particularly by the location of the poles (^) and the 

factor U? . In this section we will outline briefly one way to compute the 

complete system response for a commonly used configuration of the 

short-period seismic system. This configuration consists of a vertical- 

component velocity transducer with 1-sec free period, the J402 seismic

amplifier/VCO, the J101B discriminator, and the film viewer used for
Develocorder 

reading the 16-mm /films. The numbers and expressions necessary to

determine the complete system response are extracted from Table 2 and 

presented in Table 5. In this example the JH02 amplifier is set at an 

attenuation of 12 dB.

In order to maintain a uniform system response for all seismic 

stations jthe seismometer is coupled to the input of the amplifier unit by 

an L-pad with resistances T and S (Figure 1 ) . Values of T and S are
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computed individually for each seismometer such that the seismometer will 

have an effective damping factor (/9) of 0.8 critical and an effective 

motor constant (G Lf ) of 1.0 volt/(cm/sec). Eaton (1975) describes a 

method for determining these values.

The seismic amplifier has two stages of fixed amplification, with a 

variable step attenuator between the two. Attenuation is variable in 

steps of approximately 6 dB, from nominal settings of 0 dB to 48 dB. For 

settings of 12 dB or greater the gain of the seismic amplifier (G $A ) may 

be written as

G SA a 10' (10)

where "attn" is the dB setting for the amplifier. For a nominal 

attenuation setting of 12 dB, the amplifier gain is about 8318 (Table 4)

The deviation sensitivity of the VCO is set such that ±3-375 VDC 

into the VCO results in the maximum allowed frequency deviation of ± 125 

Hz (Figure 1). This corresponds to a deviation sensitivity of the VCO 

(D vca ) of 37.04 Hz/V.

At the central recording site the deviation sensitivity of the 

discriminator is set such that the maximum frequency deviation of ± 125 

Hz into the discriminator results in an output of ± 2.0 VDC (Figure 1). 

This corresponds to a discriminator deviation sensitivity (Dj^) of 

0.0160 V/Hz.

The sensitivity of the recording/display device combination will be 

denoted by L. In the case of the film viewer screen this is 4 cm/V. 

(The Develocorder is set to a sensitivity of 2 cm/V, and the film viewer 

screen has an optical magnification of 2x.)
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The product of these individual amplitude factors (G tE , G^, 

D Jt , L) is used for the factor 'A* in equation (9).

The shape of the system response curve is determined from the product 

of the absolute values of the individual spectral elements shown in Table 

5. The values of the poles (rfj andd K ) are determined from the equations 

at the bottom of Table 5, using the appropriate values of f0 and fi. For 

the seismometer, the numbers for},and p are standard values governed by 

the type of seismometer and the resistive values calculated for the 

L-pad. For the remaining components the values of |0 and fare determined 

by calibration in the laboratory, and then by matching the observed 

calibration curve to one of a set of theoretical curves. The theoretical 

curves are computed from the absolute value of each spectral element 

shown in Table 5. The method is described in Healy and O'Neill (1977).

The complete system response curve, shown in Figure 19 (for the J101B 

discriminator), is the product of the amplitude factors and the absolute 

values of the spectral elements given in Table 5. This response curve 

represents magnification of the ground displacement at the seismometer, 

relative to the amplitude measured on the film viewer screen. Between 2 

and 6 Hz the slope of this curve, plotted in logarithmic coordinates, is 

approximately proportional to the frequency, f. The asymptote to the 

response curve in this frequency range may be derived by the following 

consideration.

Given a simple harmonic ground motion

x = X sinc*)t

then the voltage from the seismometer as sensed at the input to the 

seismic amplifier is
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G L£ * = GU ̂° X costot ( 11 )

where x is the instantaneous ground velocity. The maximum voltage into 

the amplifier is

X.

The maximum voltage out of the amplifier is

= Gu b) X 10

where the last factor represents the gain of the amplifier for 

attenuation settings (attn) of 12 dB or greater. For this maximum 

voltage the product of VCO sensitivity (D vc0 ) and discriminator 

sensitivity (D^sc ) gives the voltage change attributed to these two 

components. It should be noted that in the USGS instrumentation this 

product is 0.593.

System magnification is defined as H/X, where H is the amplitude 

recorded on the output device and X is the corresponding ground amplitude 

at the seismometer. The asymptotic portion of the system magnification 

may be represented as

D JSC - L.

Substituting the numbers from Table 5, then
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H/X = 1.2U-10S -f (13)

where f is frequency in Hz. This relation is plotted as the asymptotic 

line in Figure 19, as well as in Figures 17, 18, and 21. By eliminating 

the factor L from equation (12), and changing centimeters to meters as 

necessary, the asymptotic line in Figure 20 is obtained.
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Appendix A

Relating the complex pole positions of 

Healy and O f Neill (1977) to those of Dratler (1980)
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Relating the complex pole positions of 

Healy and O'Neill (1977) to those of Dratler (1980)

Healy and O'Neill (1977) place their poles on the upper half of the 

complex (x, y) plane, as mirror images with respect to the positive 

direction of the imaginary axis (i.e., the y-axis). The position of a 

single pole takes the general form

and the position of a pair of poles takes the general form

(A2)

where oj and cLy* are the positions of the poles in the complex plane, < 

is the x-coordinate of the pole, and >6-is the y-coordinate.

For the response of seismic systems as considered in their report, 

the locations of single poles are purely imaginary

(A3)
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and the locations of paired poles are complex

(AM)

where tJt> = 2tff0 is frequency in radians/second, f^ is frequency in Hz, 

and |3 is an effective damping constant, relative to critical damping. 

Note that single poles are described only by 6Jtf, and not ft. 

From equations (A2) and (AM) it follows that

(A5)

and expressions for the parameter^ 6 0̂ and |9 are

jtr

Dratler (1980) places his poles on the right-hand half of the 

complex (x, y) plane as mirror images with respect to the positive 

direction of the real axis (i.e., the x-axis). His position for a single 

pole takes the general form

*Y ~
<*j - OL (A7)

and his position for a pair of poles takes the general form

(A8)
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where Q(»and d^ are the positions of the poles in the complex plane, a is j

the x-coordinate of the pole, and b is the y-coordinate.

If Dratler's pole position$( £  and H^) are multiplied by the 

imaginary unit "i", the effect is to rotate his pole positions 90 degrees 

counterclockwise where they will then have the identical pole positions 

as used by Healy and O f Neill (1977). Therefore, we multiply the 

expressions in equations (A7) and (A8) by "i", and equate the resulting 

real and imaginary parts to the expressions in equations (A1) and (A2) to 

obtain

/£- X* S^> = «(j <*9>

(A10)

From equations (A9) and (A10) Dratler's coordinates can be expressed 

in the notation of Healy and O'Neill as

and the expressions for &  and /3 in equation (A6) can be written in 

Dratler's notation as

/ rx ss-M 1/*
Uo = Ur +* I

= ^- . a
0)0
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Dratler (1980, p. 37) gives the five pole positions for the Tri-Com

discriminator as

pole

1 f6 ' 45 '°7 (A13) 

2,3 f ? ,f8 - 41.42 - i 21.54

4,5 f9« f !0 = 28 ' 73 + i 44 ' 13

Pole 1 is a single pole; the rest are paired poles. Dratler's units

in equation (A13) are in Hertz, rather than radians/second, so equation 

(A12) becomes

Using equations (A7), (A8), (A13) and (A1U) we get

pole o @

1 45.1 * (A15)

2,3 46.7 0.887

4,5 52.7 0.546

These figures are given in Table 2. The asterisk denotes a single pole, 

for which the parameter P is not a descriptor.
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Appendix B 

Listing of program RESPONSE
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Captions for Figures 

Figure

1. Block diagram of USGS short-period telemetered seismic system, 

showing standard amplitude factors and sensitivity settings. 

(Modified from Eaton, 1977).

2. Stylized amplitude response of individual components and

combinations of components used in USGS short-period telemetered 

seismic network in central California. (Modified from Eaton, 1977).

3. Normalized amplitude response curves for spectral elements with a 

single pole. Note that the parameter ft is not a factor in the 

response. (From Healy and O'Neill. 1977).

U. Normalized amplitude response curves for spectral elements with

paired poles and low-pass filter characteristic. Note the effect of 

(Son the family of curves. (From Healy and O'Neill. 1977).

5. Normalized amplitude response curves for spectral elements with 

paired poles and high-pass filter characteristic. Note the effect 

of (3 on the family of curves. (From Healy and O'Neill, 1977).

 ment,
6. Theoretical displace / velocity and acceleration response curves for

an electromagnetic seismometer with 1 Hz natural frequency and 

damping coefficient (f) of 0.8 critical. (From Healy and O'Neill, 

1977).
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7. Observed and calculated normalized response curves for the J302M and 

J402 seismic amplifiers. Solid lines represent the observed 

responses. Dashed lines represent the response calculated from data 

in Dratler (1980) and in this report. The asterisks (») denote 

single poles, for which the parameter ft does not apply.

8. Observed normalized response curves for the Develco, Tri-Com, J101A 

and J101B seismic discriminators. The dips between 1 and 10 Hz 

represent inaccurate measurements in calibrating the Develco 

discriminator caused by excessive 60 Hz noise superposed on the 

output signal.

9. Observed and calculated normalized response curves for the J101A 

seismic discriminator. The two curves are so close that they cannot 

be distinguished from one another at this scale. The asterisk (*) 

denotes a single pole, for which the parameter /3 does not apply.

10. Observed and calculated normalized response curves for the J101B

seismic discriminator. The two curves are so close that they cannot 

be distinguished from one another at this scale.

11. Observed and calculated normalized response curves for the Develco 

seismic discriminator.

12. Observed and calculated normalized response curves for the Tri-Com 

(4x) seismic discriminator. The two curves are so close that they
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cannot be distinguished from one another at this scale. The 

asterisk (*) denotes a single pole, for which the parameter /3 does 

not apply.

13. Observed and calculated normalized response curves for the 

Develocorder 16-mm film recording system. The effect of the 

high-pass microseism rejection filter is included. The asterisk (*) 

denotes a single pole, for which the parameter ̂  does not apply.

14. Observed and calculated normalized response curves for the

Helicorder drum recording system. The effect of the high-pass 

filter is included. The asterisks (*) denote single poles, for 

which the parameter $ does not apply.

15. Observed and calculated normalized response curves for the 12

dB/octave low-pass filters. These filters are used optionally with 

playbacks to the Siemens oscillograph. The abscissa (frequency) is 

normalized to 1 Hz such that the response of the filter at a 

selected filter setting (FS) and filter multiplier (FM) can be 

obtained by rescaling the abscissa by the product of the two (FS x 

FM).

16. Normalized response curves, for three sets each, of the combination 

of a J402 amplifier/VCO unit and a Develco discriminator. The solid 

lines are the three observed responses. The dashed line is the 

response calculated from the individual response characteristics 

given in Table 2 and then combined using the computer program 

RESPONSE.
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17. The curved line is the complete system magnification response

calculated by program RESPONSE for the system components as shown. 

The straight line is the product of the appropriate amplitude 

factors in Table 2 (see Section M), taking into account the 

displacement response characteristic of the electromagnetic 

seismometer. This configuration of components is most commonly used 

for playbacks to the Siemens oscillograph at a time compression of

18. The two curved lines are the complete system magnification responses 

calculated by program RESPONSE for the system components and 

low-pass filter setting as shown. The straight line is the product 

of the appropriate amplitude factors in Table 2 (see Section M)^ 

taking into account the displacement response characteristic of the 

electromagnetic seismometer. This configuration of components is 

commonly used for playbacks to the Siemens oscillograph at a time 

compression of 4x. Use of the low-pass filter is optional.

19. The three curved lines are the complete system magnification

responses calculated by program RESPONSE for the system components 

as shown. The straight line is the product of the appropriate 

amplitude factors in Table 2 (see Section 4), taking into account 

the diplacement response characteristic of the electromagnetic 

seismometer. This configuration of components is the standard used 

in the USGS Central California Microearthquake Network for scanning 

and timing the 16-mm films.
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20. The curved line is the complete system magnification response

calculated by program RESPONSE for the system components as shown. 

The straight line is the product of the appropriate amplitude 

factors in Table 2 (see Section 4), taking into account the 

displacement response characteristic of the electromagnetic 

seismometer. This configuration of components represents the 

voltage output from the Tri-Com discriminator at time compression 

factors of 1x, Hx, or I6x. Its most common use is for input to 

the analog-to-digital converter of the Eclipse digitizing system. 

Note that the ordinate is in units of volts output per meter of 

ground displacement.

21. The curved line is the complete system magnification response

calculated by program RESPONSE for the system components as shown. 

The straight line is the product of the appropriate amplitude 

factors in Table 2 (see Section 4), taking into account the 

displacement characteristic of the electromagnetic seismometer. 

This configuration of components is the standard used in the USGS 

Central California Microearthquake Network for the Helicorder drum 

recorder.
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Elementary response functions , L -0 .
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Elementary response functions , L'2
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Figure 5
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STANDARD SEISMOMETER / L- PAD
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STANDARD SEISMOMETER/ L-PAD
J402 AMPUFIER / VCO AT 12 dB ATTN.
TRI-COM DISCRIMINATOR ( 4 x )
LOW-PASS PLAYBACK FILTER ( OPTIONAL )
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STANDARD SEISMOMETER/ L- PAD 
J402 AMPLIFIER / VCO AT 12 dB ATTN 
TRI-COM DISCRIMINATOR (I6x) 
INPUT TO ECLIPSE ANALOG-TO- 

DIGITAL CONVERTER

PEAK AMPLIFICATION : 4.7 x I07 v/m 
PEAK FREQUENCY ( Hz ): 26
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Captions for Tables

Table

1. Spectral elements for an electromagnetic seismographic system. 

LTYPE and LN are input parameters to the program RESPONSE.

2. Amplitude and frequency response factors for the standard instrument 

components that comprise the USGS short-period seismic telemetry 

network. The asterisks denote a single-pole spectral element, for 

which the parameter /3 has no meaning.

3. Absolute gain of the JM02 seismic amplifier as a function of the 

attenuation setting (attn).

M. Attenuation and gain factors for the J402 seismic amplifier.

Columns with the heading "JD" give the figures from Dratler (1980). 

Columns with the heading "JVS" give the figures from Van Schaack 

(written comm., 1979).

5. Specific amplitude factors and spectral elements used to calculate 

the complete system response of a standard USGS short-period seismic 

telemetry station, using the J101B discriminator. Figure 16 shows 

the system response. The asterisk denotes a single-pole spectral 

element, for which the parameter ft has no meaning.
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TABLE 3.

ATTN (dB)

0

GAIN 

1Q91.5/20

AMPLIFICATION

37,584

10 (91.5-6.7)/20

= 1084.8/20

17,378

10

= 10

(91.5-attn-l.l)/20

(90.4-attn)/20

8,318 at 12 dB attn

81



Table 4.

Station 
Attenuation 
Setting 

(dB)

0

6

12

18

24

30

36

42

48

Actual 
Attenuation 
JVS JD 

(dB)

0

6.7

13.1

19.1

25.1

31.1

37.1

43.1

49.1

0

7.05

12.85

18.59

24.41

30.34

36.31

42.32

48.32

Actual 
Gain 

JVS 
(dB)

91.5

84.8

78.4

72.4

66. M

60. U

5M.U

M8.U

M2.U

JD

91.^3

8M.38

78.58

72. 8U

67.02

61.09

55.12

U9.11

M3.11

Gain as an 
Amplitude Ratio 

JVS JD

37,584.

17,378.

8,318.

4,169.

2,089.

1,047.

525.

263.

132.

37,292.

16,565.

8,492.

4,386.

2,243.

1,134.

570.0

285.5

143.0

JD/JVS

0.99

0.95

1.02

1.05

1.07

1.08

1.09

1.09

1.08
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